Review summarizes both literature and own experimental data on the application of arachidonic acid (AA, C 20:4 omega-6) as an elicitor of the plant defense reactions to phytopathogens. The elicitation activity of AA was shown to depend considerably on its concentration. High AA concentrations (over 10 -5 M) induce necrosis of plant tissues and accumulation of antimicrobial compounds (phytoalexins), whereas low AA concentrations (10 -7 -10 -7 M) elicit systemic and prolonged resistance to the phytopathogen infections that is similar to immunization process. Biochemical mechanisms responsible for the elicitor activity of AA involve the whole complex of reactions including reconstruction of the cell ultrastructure, an increase in the amounts of certain enzymes and protective substances, a decrease in sterol content, redirection of isoprenoid biosynthesis from sterol derivatives toward sesquiterpenoid phytoalexins, and appearance of signal molecules, which are spread all over the plant tissues making them immunized. Field experiments revealed that the treatment of potato, tomato, sugar beet, and vine plants with low concentrations of pure AA or AA-containing preparations isolated from Phytophtora and Mortierella fungi increased plant resistance to diseases (late blight, common scrab, rhizoctonoise, cercosporose, powdery mildew, etc.) and thus enhanced the harvest yield. The application of AA-containing preparations is an alternative to the use of environmentally dangerous chemical fungicides. The processes of microbiological AA production from renewable inexpensive raw substrates are considered.
Introduction
Arachidonic acid (AA; 5,8,11,14-cis-eicosatetraenoic acid) belongs to omega-6 group of essential polyunsaturated fatty acids, which cannot be synthesized by animals and humans and, thus, should be added to their diet. AA is involved in modulating of membrane fluidity and in various metabolic processes in human organism playing an important role as a direct precursor of physiologically active prostaglandins (series 2), leukotrienes, and a number of eicosanoids. Detailed information on the AA applications as a component of infant formula, dietary supplement, and precursor of pharmaceutical preparations is given in reviews [1] [2] [3] . The use of AA in agriculture as an elicitor of the plant defense reactions against phytopathogens is an extremely promising approach. This novel environmentally friendly method of plant defense is based on inducing natural, systemic, and prolonged plant resistance to diseases by application of biogenic elicitors in low concentrations. However, until now, it has not been widely applied.
Review is aimed at summarizing literature data on the application of AA-containing preparations for plant immunization against phytopathogens and on biochemical mechanisms responsible for the AA elicitor activity. Microbiological AA production is described shortly since these processes have been comprehensively considered in many reviews [1] [2] [3] [4] ; emphasis is placed on the use of low-cost waste substrates for AA synthesis.
Review
Microbiological production of arachidonic acid Natural sources of AA include animal liver, adrenal glands, and egg yolk; however, AA content of these products is so low that they cannot satisfy increased requirements in this acid. As a rule, AA is absent in higher plants; the most active AA-producers were revealed among fungi belonging to the genus Mortierella (class Phycomycetes) [2] [3] [4] [5] . It has been stated that fungi Mortierella alpina are the most attractive producers of AA (up to 70% of lipid); moreover, they are non-pathogenic and do not form mycotoxins and potentially allergenic spores under fermentation conditions [6] . It was found that AA-enriched lipids derived from M. alpina showed no mutagenic or clastogenic activity as well as the acute oral toxicity [7] .
Thus, a limited supply of natural AA sources dictated necessity to develop microbiological AA production. At present, fermentation processes for AA synthesis with the use of Mortierella fungi are claimed with patents in Europe, China, Japan, and United States [1, [8] [9] [10] . In the industrial AA production, carbohydrates are usually used as carbon substrates. However, high production cost of the AA-containing microbial lipids determined increased interest in the application of novel inexpensive and renewable carbon substrates. In recent years, glycerol and especially raw glycerol, which is formed in large amounts as a by-product of biodiesel production, had been considered as promising substrates for microbiological processes [11] [12] [13] [14] [15] [16] . A current price of biodiesel-derived glycerol ranges from US $0.06 to $0.11 per pound that indicates the potentiality of its application for microbiological processes [17] . It was shown that Mortierella fungi were able to produce AA from pure glycerol [18, 19] . Recently, the AA synthesis (15%-20% of lipid) from glycerolcontaining biodiesel-derived wastes had been demonstrated with the use of selected M. alpina strains [20] .
In order to reduce the cost of microbial oil, renewable inexpensive raw materials, such as lignocellulosic residues (rice hull hydrolysate), olive mill wastewater, and sweet sorghum extract, had been successfully applied for production of fungal lipids [21] [22] [23] [24] [25] . The semisolid fermentation process had been developed for oil production by oleaginous fungi from agro-industrial residues; this process provided for higher lipid accumulation compared to liquid cultures or solid-state fermentation and gave oil of high quality [21] . A mathematical model had been proposed which was able to predict biomass growth, lipid production, and substrate consumption under semisolid-state fermentation process [23] . Thus, it can be expected that the application of inexpensive substrates depreciates the cost of microbiological AA production and promotes extensive AA application in agriculture as an alternative to environmentally dangerous chemical fungicides.
Mechanisms responsible for the elicitation activity of arachidonic acid
At present, the term 'elicitors' designates metabolites of phytopathogens, which evoke a complex of defense reactions in plants [26] . A number of substances (proteins, glycoproteins, oligosaccharides, glucans, and polyunsaturated fatty acids) are known to exhibit elicitor activity [26] [27] [28] . The lipoglycoprotein (LGP) complex isolated from the late blight pathogen Phytophthora infestans was found to exhibit high elicitation activity due to the presence of AA and eicosapentaenoic acid (EPA) [29, 30] . It has been suggested that AA is incorporated into certain membrane lipids and shows effect on activity of membrane proteins, which are subsequently involved in the hypersensitive response of plant cells [31, 32] . The defense reactions induced by elicitors in plants can include [26] : (1) reparation of mechanically wounded plant tissues; (2) synthesis of antibiotics (phytoalexins); (3) accumulation of protease inhibitors; (4) generation of active forms of oxygen.
Detailed studies carried out in the Bach Institute of Biochemistry, Russian Academy of Sciences, (Moscow, Russian Federation) showed that the elicitor activity of AA-containing preparation (LGP complex) depends considerably on its concentration [29, 30, 33] . High concentrations of the AA preparation (5 10 −5 M and higher) induced necrosis of potato tissues and synthesis of phytoalexins (PA), which were accumulated in necrotizing tissues in toxic for pathogen concentrations showing defense effect on plant. However, accumulated PA had been subsequently degraded by plant enzymes. Moreover, it was shown that PA-containing necrotizing cells were detached from healthy cells in the course of the hypersensitive reactions [34] . Therefore, after a week, plant tissues contained no PA and became again sensitive to phytopathogens. Thus, the defense effect of high elicitor concentrations was local and short-term.
When potato tubers were treated with low concentrations of AA preparation (from 10 −7 to 10 −8 M), no necrosis or PA were formed, but tissues acquired the capability for rapid mobilization of the whole complex of protective reactions in response to the subsequent contact with the late blight pathogen, P. infestans. This type of resistance was named 'induced resistance' or 'immunization' [29, 30] . It was found that all tissues of potato tubers treated with AA preparation (10 −7 M) became resistant to the P. infestans infection within a week after their treatment and retained this property for 2-3 months. These results indicated that potato resistance to disease, which was elicited by low concentrations of AA, was prolonged and systemic [29, 30] .
It was assumed that immunization of the elicitor-treated potato tubers proceeded through several stages [29] :
(1) Period from the plant treatment with elicitor to the development of systemic signal of immunization. (2) Signal distribution through the potato tissues. It was found that increased resistance to P. infestans was developed in the surface layers of potato tubers on the second day after their treatment with low concentration (10 −7 M) of elicitor (LGP complex) After a week, all potato tissues became resistant to the phytopathogen [29] .
(3) Period of reorganization of metabolism and structure of potato tissues (usually from 48 to 96 h), which includes considerable changes in cell ultrastructure, an increase in the amounts of enzymes and protective substances, and a decrease in sterol content. Electron-microscopic examinations revealed considerable changes in ultrastructure of AA-treated potato tissues: an increase both in the volume of agranular reticulum and in the number of mitochondria [29] . It was shown that potato tubers immunized with AA were characterized by increased activities of peroxidase and lipoxygenase [28, 29] . It has been proposed that 5-lipoxygenase was involved in the signal-response coupling to the AA elicitation of the hypersensitive response [35] . (4) It is known that sterols play important role in the interactions of P. infestans with potato tissues, since the fungus exhibits auxotrophic requirements for sterols and fill up sterol deficiency at the expense of the host tissues [29] . It was found that sterol concentration in AAimmunized potato was decreased more than twofold, retained at this level for 2-3 months and then gradually returned to normal value. Thus, sterol deficiency in the AA-immunized potato tissues can be one of the defense reactions to infection caused by P. infestans [29] . A rapid redirection of isoprenoid biosynthesis from sterol derivatives toward sesquiterpenoid phytoalexins was found in plants of the Solanaceae family when wounded tissues were exposed to elicitors or fungal pathogens which induced a hypersensitive response [36, 37] .
At present, it is considered that initial mechanisms of phytoimmunity include formation of active forms of oxygen (superoxide and hydroxyl free radicals). These compounds are toxic for pathogens; moreover, they are involved in the plant signal systems. It was shown that AA (10 −8 M) induced formation of superoxide radicals, which inhibited growth of P. infestans [26] .
Experimental data unambiguously indicate the existence of intercellular signals in immunized cells, which are spread all over the tissues making them immunized [29, 33] . It has been proposed that eicosapolyenoic acids, which are released upon the plant infection by oomycete pathogens, have transorganismal signaling activity. Experiments were carried out with transgenic Arabidopsis thaliana plants, which were capable of producing C 20:2 , C 20:3 , and C 20:4 acids [38, 39] . The resistance of transgenic plants to a wide range of biotic impacts (fungal or bacterial pathogens and an insect pest) together with the data obtained from experiments with individual fatty acids indicate that AA in plants, just as in animal systems, can function as a signaling molecule that not only triggers fatty acid-mediated defense responses but also elicits general stress signaling networks [39] . It is known that a number of compounds can fulfill a role of signaling molecules, such as jasmonic acid (derivative of linolenic acid), polypeptide systemin, oligosaccharides, etc. [29, 39, 40] . It was found that combined application of AA and jasmonic acid increased elicitor effect of AA on potato defense to P. infestans [40] .
To conclude, it can be stated that low AA concentrations elicit development of the whole complex of systemic and prolonged defense reactions in plant tissues in response to phytopathogen infections that is similar to plant immunization.
Practical application of arachidonic acid for defense of agricultural plants against phytopathogens
The effect of LGP complex isolated from P. infestans, which contained AA and EPA, on defense of different varieties of potato and tomato against fungal and bacterial pathogens was studied in the Bach Institute of Biochemistry, Russian Academy of Sciences, (Moscow, Russian Federation) for 14 years (1977-1990) [30] . It was found that induced resistance of vegetative plants Figure 1 The effects of arachidonic acid (AA) and fungicides on the tomato resistance to diseases [41] . and potato tubers was developed not only to P. infestans but also to Macrosporium solani, Alternaria solani, Rhizoctonia solani, Actinomyces scabes, and Pectobacterium phytophthorum. Tomato plants and fruits acquired resistance to P. infestans, A. solani, M. solani, Septoria lycopersici, Xanthomonas vesicatoria, and Meloidogyne incognita. Yield of the elicitor-treated potato tubers and tomato was increased by 10%-40% [30] .
Comparative studies of the protective effects of LGP complex and individual AA and EPA on tomato plants showed that AA exhibited the highest elicitor activity [41] . The presowing treatment of tomato seeds was performed with low AA concentrations (0.001, 0.01, and 0.1 mg/L) for 24 h. To compare, seeds were treated with fungicide Tyram (3.5% solution) and then foliar treatment of tomato plants was performed with fungicide Homycin by 3-4 times. In control experiments, no treatment of tomato seeds or plants was performed. Tomato plants were grown in open ground; experiments were repeated for three years. It was found that the treatment of tomato with AA and fungicides decreased development of the following diseases (as compared with control): macrosporiose of leaves (by 2.6-3.3 and 2.3 times, respectively), septariose of leaves (by 1.4-1.9 and 1.5 times, respectively), and black bacterial blight of leaves (by 4.4-5.5 and 1.7 times, respectively). The results are summarized in Figure 1 . Tomato yield under the AA and fungicide treatments increased up to 112% and 135%, respectively, as compared with that in control [41] .
In our experiments, a mixture of the fatty acid ethyl esters (FAEE) containing 30% of AA was isolated from Mortierella hygrophila and applied for a foliar treatment of plants [42] . The application of fatty acids in the form of ethyl esters was performed to facilitate their penetration into plant tissues through a waxy cover of the leaves. The lipid preparation consisted of the mixture of FAEE, butylated hydroxytoluene (BHT, 1% solution in n-hexane) as an antioxidant, and Tween 20. The optimal concentrations of the preparation (0.3 to 0.5 mg/100 m 2 of sown area) were chosen in preliminary greenhouse experiments. Field experiments were carried out under naturally infected background.
Field experiments carried out at a sown area of 3 ha (Russian Potato Concern) revealed that a double foliar treatment of potato with the FAEE preparation in period of shoot growth and in the budding-early florescence phase decreased development of late blight, common scrab, and rhizoctonoise of potato tubers as compared to the control (untreated potato) on the average by 70%, 35%, and 54%, respectively. The results are summarized in Table 1 . The efficiency of double treatment of plants with the preparation was comparable with or even higher than that of thrice treatment with fungicide (polycarbacine) ( Table 1) . A foliar treatment of potato with the preparation increased the tuber yield by 11%-12% in comparison with that obtained after treatment with the fungicide [42] .
The studies carried out at a sown area of 2 ha (AllRussian Research Institute of Biological Plant Protection) showed that a single treatment of sugar beet plants (at the phase of 3 to 5 pairs of true leaves) with the FAEE preparation almost halved the development of cercosporose in comparison with that in control ( Table 1) . A single foliar treatment of sugar beet (at the phase of 5 to 6 pairs of true leaves) with the preparation at a sown area of 400 ha (All-Russian Research Institute of Sugar Beet and Sugar) resulted in an increase in the harvest yield by 11%-14% comparing with that without treatment [42] .
The effect of the FAEE preparation on the resistance of vine plants to phytopathogens was tested at the North Caucasus Zonal Research Institute of Gardening and Vine-Growing (Krasnodar, Russian Federation). The vine plants at a sown area of 1 ha were sprayed once with the preparation in the buddingflorescence phase. The development of powdery mildew of grapes was reduced to 54% comparing with 91% in control (untreated plants) (Table 1) . At the same time, the preparation showed no effect on the development of gray rot. On the whole, the yield of grapes increased by 1.5 times in comparison with that in control (without treatment) [42] .
Thus, the results available in the literature demonstrate that the treatment of various agricultural plants with low concentrations of AA-containing preparations isolated from Phytophthora and Mortierella fungi increased the plant resistance to phytopathogens. Taking into account that microbial AA preparations are environmentally friendly, their employment makes it possible to reduce or even replace the application of dangerous fungicides, which pollute and destabilize ecosystems and endanger people health. 
Conclusions
Numerous experimental data indicate that application of AA and AA-containing microbial preparations as elicitors of plant defense reactions to the phytopathogen infections is a very promising alternative to the use of environmentally dangerous chemical fungicides. However, it should be taken into consideration that practical use of elicitors should satisfy certain conditions [43] : (1) it is very important to use proper concentrations of elicitors, since high concentrations of preparation can lead to formation of necrosis and synthesis of toxic phytoalexins that is accompanied by increased energy expenditure and plant weakening; (2) optimal doses of elicitors depend on plant variety and vegetation phase; (3) the elicitor efficiency is decreased under fast development of infections (epiphytotic); in this case, repeated elicitor treatment is necessary. Therefore, preliminary experiments should be carried out to select the optimal AA concentrations for the treatment of concrete plant species.
Abbreviations AA: arachidonic acid; PA: phytoalexins; LGP: lipoglycoprotein; EPA: eicosapentaenoic acid; BHT: butylated hydroxytoluene; FAEE: fatty acid ethyl esters.
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